Neuroimaging has revealed numerous neural predictors of individual differences in creativity; however, with most of these identified in only one study, sometimes involving very small samples, their reliability is uncertain. To contribute to a convergent cognitive neuroscience of creativity, we conducted a pre-registered conceptual replication and extension study in which we assessed previously reported predictors of creativity using a multimodal approach, incorporating volumetric, white matter, and functional connectivity neuroimaging data. We assessed sets of pre-registered predictors against prevailing measures of creativity, including visual and verbal tests of divergent thinking, everyday creative behaviour, and creative achievement. We then conducted wholebrain exploratory analyses. Greater creativity was broadly predicted by features of the inferior frontal gyrus (IFG) and inferior parietal lobe (IPL), including both local grey matter and white matter predictors in the IFG, the superior longitudinal fasciculus that connects them, and IFG-IPL functional connectivity. As IFG and IPL are important nodes within executive control and default mode networks (DMN), respectively, this result supports the view that executive modulation of DMN activity optimizes creative ideation. Furthermore, white matter integrity of the basal ganglia was also a generalizable creativity predictor, and exploratory analyses revealed the anterior lobe of the cerebellum and the parahippocampal gyrus to both be reliable predictors of creativity across neuroimaging modalities. This pattern aligns with proposals ascribing roles of working and long-term memory to problem-solving and imagination. Overall, our findings help to consolidate some, but not all, neural correlates of individual differences that have been discussed in the cognitive neuroimaging of creativity, yielding a subset that appear particularly promising for focused future investigation.
Introduction
Creativity is celebrated for its whimsical application (Richards, 2007) , therapeutic utility (Schouten et al., 2015) , and practical importance in domains such as academic performance (Furnham and Bachtiar, 2008) , entrepreneurship aptitude (Lee et al., 2004) , and artistic prowess (Carson et al., 2005) . However, many current empirical questions about creativity lie in the domain of cognitive neuroscience: for example, what neurocognitive systems facilitate creativity, and can it be predicted based on observable characteristics of participants' brains?
Answering this question can be challenging because creativity itself is a multifaceted construct with no standard operational measure. Because it is spontaneous, it is difficult to capture in event-related designs and instead is frequently measured as a between-subjects variable (Christoff et al., 2016) . Additionally, the construct of creativity is believed to be multi-dimensional (Cropley, 2000) , incorporating dimensions including divergent thinking, everyday creative behaviour, and creative achievement. Below, we briefly review what neuroimaging research on this topic has revealed.
Predictors of creativity
The default mode network (DMN), known for being more active during rest than during tasks, is frequently associated with creativity (e.g., Beaty et al., 2014; Kühn et al., 2014) . The DMN has been associated with spontaneous mental processes and mind-wandering (Mason et al., 2007; Christoff et al., 2009 ), but has also been linked to goal-directed tasks, such as future thinking and episodic memory retrieval (Spreng et al., 2009 ). It includes the medial prefrontal cortex (mPFC), posterior cingulate cortex (PCC), inferior parietal lobes (IPL), and medial temporal lobes (MTL; Spreng et al., 2010; Andrews-Hanna et al., 2010) . Connectivity among these regions has been found to predict divergent thinking, with resting-state functional connectivity (rs-fc) between the inferior frontal gyrus (IFG), IPL, mPFC, and PCC predicting creativity in one study (Beaty et al., 2014) , and between the middle temporal gyrus (MTG) and mPFC in another . Takeuchi et al. (2012) also found positive associations between creativity and mPFC-PCC rs-fc in a larger sample (n ¼ 159) . Research on anatomical correlates of creativity has also implicated the DMN. For example, greater fractional anisotropy (FA) values (corresponding to greater white matter integrity) predicted greater divergent thinking in the bilateral subgyral frontal lobe, right medial frontal gyrus (MFG), temporal-parietal junction (TPJ) and right IPL (Takeuchi et al., 2010b) . Similarly, grey matter volume (GMV) correlates have included the MFG (Takeuchi et al., 2010a) and TPJ, as well as ventromedial prefrontal cortex (vmPFC; Kühn et al., 2014) . Creative achievement, in turn, has been linked to lower cortical thickness in left vmPFC and higher thickness in right angular gyrus (Jung et al., 2010) ; as well as to greater GMV and left superior frontal gyrus within the right vmPFC (Chen et al., 2014) . Chen et al. (2015) found that GMV and thickness correlates of verbal creativity included the right precuneus, which some argue is part of the DMN (Buckner et al., 2008) . Finally, a study using both regional grey and white matter volume as predictors revealed positive correlations between creativity and both grey and white matter volumes in the bilateral IFG (Zhu et al., 2013) .
There is also some evidence surrounding the possible involvement of an executive control network (ECN) in creativity. One view holds that the DMN and ECN act in opposition to each other, with one at rest while the other is active (Fox et al., 2005) , and with creative output principally occurring during unconstrained operation of the DMN. An increasingly well-supported alternative view is that cognitively demanding thought processes also underlie creative tasks, with the ability to creatively problem-solve arising from coupling of the DMN and ECN (for review, see Beaty et al., 2016) . Beaty et al. (2015) present relevant evidence by showing regions involved in attention and executive function to be active during divergent thinking tasks. Li et al. (2016) provide further support, showing a positive association in rs-fc between the left dorsolateral prefrontal cortex (DLPFC) and right DLPFC. Also, a meta-analysis by Gonen-Yaacovi et al. (2013) revealed that activation of parts of the ECN, such as the lateral PFC, tended to occur during divergent thinking tasks.
Dopaminergic systems, which mediate reward-seeking behaviours, have also been previously implicated in creativity. One proposal is that, from an evolutionary perspective, participants with the greatest motivation will generate a greater number of novel and productive ideas (Flaherty, 2005) . One study found creative participants to have higher baseline levels of arousal and greater responses to sensory stimulation, consistent with attributes of the dopaminergic system (Martindale, 1999) . Some frontal and temporal dopaminergic network regions overlap with DMN regions, and the striatum and PFC both utilize dopamine (Alexander et al., 1986) . Dopaminergic modulation of these regions contributes to constructs that promote creativity (Cools et al., 2007) , such as flexibility and persistence (Nijstad et al., 2010) . Takeuchi and colleagues (2010a,b) observed GMV correlations with divergent thinking in dopaminergic system structures that included the striata, substantia nigra (SN), ventral tegmental area (VTA), and periaqueductal grey, while also observing an FA-based predictor within the basal ganglia. As well, parts of these subcortical dopaminergic structures (the ventral striatum, SN, and the VTA) are key parts of the larger salience network (Menon, 2015) that is also thought to facilitate creative cognition (Beaty et al., 2015) .
Consolidating these previous findings, a multitude of regions within the default, executive control, dopaminergic, and salience networks seem to facilitate creative cognition. Supporting this, Beaty et al. (2018) found a pattern of dense functional connections consisting of default (e.g., posterior cingulate cortex), executive (e.g., DLPFC), and salience (e.g., anterior insula) neural networks in highly creative individuals in a large (n ¼ 163) sample. Finally, a meta-analysis by Wu et al. (2015) analyzed functional and structural creativity studies to report on which brain regions were associated with creative processes. Across the studies, they found regions within the DMN (IPL, MTG, fusiform gyrus, precuneus), ECN (DLPFC, lateral PFC cortex), and the salience/dopamine network (anterior cingulate cortex, caudate nucleus) to be involved in divergent thinking tasks (for further review on the role that these interacting networks may play in creative cognition, see Beaty et al., 2016) .
Finally, it is worth considering that what cognitive neuroscience predictors of creativity do exist could simply be the same ones associated with cognitive ability more broadly. Guilford (1967) argued against this possibility, suggesting that convergent thinking (processes that lead to narrow thought and correct answers) underpin intelligence, whereas creativity is more assosciated with divergent thinking. However, researchers have consistently reported a positive association between these constructs (Batey and Furnham, 2006; Kim et al., 2010) , and a meta-analysis drawing on 21 studies with a total of 45,880 participants revealed a positive, albeit small (r ¼ 0.174) association between creativity and intelligence (Kim, 2005) . As well, Silvia (2008) found that lower-order factors of intelligence (fluid intelligence, verbal fluency, and strategy generation) are modest predictors of creativity, but that general intelligence is a better predictor.
Current approach
Nearly all relevant neuroimaging studies have drawn upon only one of the dimensions of creativity believed to be important to the construct, the most common target being divergent thinking (and specifically verbal divergent thinking; see Supplemental Table 1 and Piffer, 2012) . This raises uncertainty about how well what is known generalizes to the construct of creativity as a whole. In addition, although much has been learned from the above research on the DMN, ECN, dopaminergic, and salience networks, progress has been slowed by many contradictory results (Dietrich and Kanso, 2010) . Accordingly, consolidation of existing results is an important directive for establishing a better foundation for future research on creativity.
Here, we pre-registered predictions arising from the above findings, aiming through our predictions to confirm involvement of the DMN, ECN, dopaminergic and salience networks. Because we hoped to integrate findings from a variety of reports that varied in implementation, and because we sought effects that were robust to minor deviations in protocol, we employed measures and techniques that we felt to be representative of the constructs under evaluation rather than exact reimplementations of past experiments. In other words, our effort concerned conceptual replications aimed at obtaining previously identified neural predictors of creativity, rather than attempting to single out the reproducibility of the pattern of results found in any specific study. We employed a sample size near the median of recent studies in this area (Supplemental Table 1 ). This sample size fell short of the scale of several hundred participants or more that would be useful for suggesting that past results are attributable to type II error; accordingly, our work should not be taken as an authoritative guide to which effects cannot be reproduced. Rather, our experiment is best viewed as an initial exploration of which are robust enough to replicate using a sample attainable by smaller labs, and that are therefore particularly practical for carrying forward into a future cognitive neuroscience of individual differences in creativity. By drawing upon multiple neuroimaging modalities to predict a spectrum of creativity measures, we also aimed to generate a dataset unique in addressing the multimodality and generalizability of neuroimaging predictors to a spectrum of instruments targeting a common underlying construct of creativity.
Methods
We deployed the Abbreviated Torrance Test for Adults (ATTA, a divergent thinking task as well as shortened version of the Torrance Test of Creative Thinking; Goff, 2002) , the Creative Behaviour Inventory (CBI, A. Sunavsky, J. Poppenk NeuroImage xxx (xxxx) xxx a measure of everyday creativity; Dollinger, 2003) and the Creative Achievement Questionnaire (CAQ, a measure of creative achievement; Carson et al., 2005) . To obtain a better creativity index that was less influenced by state effects, we sampled the ATTA on a separate computer testing session from the CBI and CAQ. Administration of the WAIS-IV and neuroimaging scans took place on subsequent visits, with neuroimaging incorporating volumetric, structural and rs-fc scans. These were part of a series of visits involving experimentation on topics to be discussed elsewhere. Because the neuroimaging data have also been used to investigate other aspects of memory, aspects of our neuroimaging methods here are shared with prior reports (e.g., Matorina and Poppenk, 2019) . Due to the high cost of neuroimaging as well as the demanding nature of our experiment, prior to testing, participants also completed a screening session before being invited to continue. Those who did not meet our demographic criteria or demonstrated possible issues with keeping still in a simulated fMRI scanner were not invited for subsequent sessions.
Pre-registration
To target specific neural predictors for testing, we referenced recent meta-analyses and review articles to investigate possible emergent themes in the prediction of creativity using neurological, cognitive, and behavioural markers (i.e., individual differences). From this search, we extracted hypotheses and studies relevant to the formulation of those hypotheses, with particular weight given to large studies and influential findings. Our resulting pre-registered hypotheses and procedures may be found online on the Open Science Framework website (https://osf .io/uzhvm). We complemented our selective replication of a small number of findings with whole-brain analyses aimed at uncovering effects that were prominent in our own data.
Several deviations from our pre-registration were made to accommodate helpful reviewer suggestions, including across-the-board control for intelligence, separation of verbal and visual sub-scores of divergent thinking, transformation of CAQ scores, and inclusion of several new ROIs suitable for attempted replication. In addition, we conducted exploratory evaluation of contrasts using all creativity tests rather than just the one used to justify inclusion of each predictor. For example, where a brain region was found to predict divergent thinking, we assessed its relationship with ATTA, but also CBI and CAQ scores. The post-hoc nature of these tests is indicated throughout our tables and results. Finally, we excluded a planned multiple-regression analysis, as the large number of plausible predictors for entry into this analysis required a selection step, and we did not wish to "double dip" into our data for both selection and evaluation of predictors.
For clarity of focus in our report, pre-registered tests involving sleep EEG predictors and hippocampal subfields have been described separately in Supplemental Results.
Participants
104 participants were recruited in Kingston, Canada using posters, Facebook advertisements and web posts on Reddit, Kijiji and Craigslist. Informed consent was provided by all the participants for participating in our experiment. Participants were required to be: between 22 and 35 years of age (to avoid potential developmental effects); right-handed, an English native-speaker, have normal or corrected-to-normal vision and hearing, regularly sleep at least 5 h a night, have no contraindications for MRI scanning, have no history of neurological disorders, sleep disorders, or recurrent mental illness that included medication, and not currently be taking psychotropic medications. They were invited to undergo a 2-h inperson screening session in which demographic eligibility was confirmed, and a simulated MRI scanner was used to rule out claustrophobia, inability to keep still (operationalized as falling below the 95th percentile of low-frequency motion as measured in a reference sample), and inability to stay awake for a 20-min eyes-open resting session. In addition, we assessed participants' ability to respond to at least 33% of encoding trials in a recognition memory task, to obtain a d-prime of at least 0.1 in a subsequent memory test, and to demonstrate acceptable reading comprehension and speed (a TOWRE score of at least 26.4 and a Nelson-Denny score of 2). Finally, participants were excluded for multiple no-shows, failing to follow instructions, rudeness, and excessive drug use. Participants were advised that they would be compensated CAD$10 per hour for their time (or a pro-rated amount in the case of early withdrawal).
Of the original sample, 69 participants met our criteria and returned to take part in our experiment; of these, 66 completed the neuroimaging session. All participants who completed the scan also completed the CBI and CAQ, but for logistical reasons, one neuroimaging participant did not complete the ATTA. Of the 66 participants contributing relevant data, 29 described themselves as men, 36 as women, and one as "other". Their average age was 26.6 years (SD ¼ 4.3 years). Prior to our behavioural procedures, participants completed a "check-in" questionnaire in which we gathered information related to their current state. No participants reported feeling drunk, high, or indicated they would have trouble remaining awake. Accordingly, none were excluded from analysis.
Behavioral measures
Over two separate sessions, we administered the CBI, CAQ, and the ATTA. We scored each participant's responses to each instrument using standard procedures. First, the CBI consists of a list of creative behaviors (Dollinger, 2003) . We assigned values of 0-3 to participants' self-estimates of how often they performed each one (0 ¼ "Never did this"; 1 ¼ "Did this once or twice"; 2 ¼ "3-5 times"; 3 ¼ "More than 5 times"). To obtain a single score for each participant, we took the mean resulting value across all items.
The CAQ consists of questions regarding participants' accomplishments across a variety of creative domains (e.g., writing, visual art, music, cooking, etc.; Carson et al., 2005) . Each question involves a true/false assessment of whether the participant has attained a certain creative achievement. If participants attest to at least a low level of achievement in a given domain, further questions are administered for that domain. We administered standard scoring of this instrument, assigning greater points to more substantial accomplishments, and then computing the sum of these values across all domains to obtain a single achievement score for each participant. As CAQ scores are skewed in the general population (Carson et al., 2005) as well as in our sample (Table 1) , we transformed participants' CAQ scores prior to subsequent analysis. We found that a square-root transformation best restored normality in the data, yielding a final skewness of 0.23.
We tested divergent thinking via the ATTA, a validated abbreviated measure of the TTCT (Althuizen et al., 2010) , which yields both verbal and visual estimates of creativity. Two raters implemented standard scoring procedures by evaluating each response in terms of various a Because of substantial skew in this instrument, CAQ scores were transformed prior to further analysis (see also Carson et al., 2005) .
A. Sunavsky, J. Poppenk NeuroImage xxx (xxxx) xxx creative elements (see Goff, 2002 , for details), using a software program (Mountjoy and Poppenk, 2015) to blind them as to which participant made which response. Briefly, visual and verbal creativity scores were obtained by first summing within-criterion scores within norm-referenced indicators, doing so separately within each visual and verbal domain. The raw score for the criterion indicators was then added to the total scaled score for the norm-referenced measures, giving a total creativity score within each of the verbal and visual domains. Agreement was high across the two raters, with an Intraclass Correlation Coefficient (ICC) of 0.903 for verbal creativity scores, and 0.943 for visual creativity scores. Finally, in a separate session in a private room, participants completed core subtests of the WAIS-IV (Canadian Edition; Sattler and Ryan, 2009 ), a widely-used measure of full-scale intelligence. Testing was administered by students trained in its administration. After applying standard scoring procedures, we applied Canadian norms to obtain a full-scale IQ and index scores for each participant.
Neuroimaging procedure
Later, the day prior to each participants' MRI scan, participants completed a biofeedback session in the simulated MRI scanner, both to become better habituated to an MRI-like environment and to learn to reduce their head movement (and thereby improve the signal quality of their brain images sampled the next day). During the biofeedback session, participants viewed a 45-min documentary with a live readout of their head motion overlaid. When their head motion exceeded an adaptive threshold, the documentary was paused for several seconds while static was played on the screen along with loud and unpleasant white noise. Following the documentary, a brief memory test was administered outside of the mock scanner to ensure participants were paying attention to the film content rather than just their motion (not analyzed here).
The next day, we used a whole-body MRI scanner (Magnetom Tim Trio; Siemens Healthcare) to gather a variety of image sequences over the course of a 1.5-h scan. For purposes of measuring whole-brain anatomy and registration of functionals to standard fMRI space, we gathered highresolution whole-brain T1-weighted (T1w) and T2-weighted (T2w) anatomical images (in-plane resolution 0.7 Â 0.7 mm 2 ; 320 x 320 matrix; slice thickness 0.7 mm; 256 AC-PC transverse slices; anterior-to-posterior encoding; 2 x acceleration factor; T1w TR 2400 m s; TE 2.13 m s; flip angle 8 ; echo spacing 6.5 m s; T2w TR 3200 m s; TE 567 m s; variable flip angle; echo spacing 3.74 m s). To measure the hippocampus in greater detail, we gathered an ultra-high resolution T2-weighted volume centered on the medial temporal lobes (resolution 0.5 Â 0.5 mm 2 ; 384 x 384 matrix; slice thickness 0.5 mm; 104 transverse slices acquired parallel to the hippocampus long axis; anterior-to-posterior encoding; 2 x acceleration factor; TR 3200 m s; TE 351 m s; variable flip angle; echo spacing 5.12 m s). For purposes of measuring resting-state functional connectivity, we gathered two T2*-weighted scans (158 vol; in-plane resolution 1.5 Â 1.5 mm 2 ; 128 x 128 matrix; slice thickness 1.5 mm; 90 AC-PC transverse slices; anterior-to-posterior encoding; 6 x multiband acceleration factor; TR, 1900 m s; TE 36.8 m s; flip angle 75 ; echo spacing 0.88 m s). For investigation of structural integrity of white matter, we gathered diffusion tensor imaging (DTI) scans (64 diffusion directions; b-value 1200; in-plane resolution 1.5 Â 1.5 mm 2 , 128 x 128 matrix; slice thickness 1.5 mm; 93 AC-PC transverse slices; 3 x multiband acceleration factor; TR 5180 m s; TE 103.4 m s; flip angle 78 ; echo spacing 0.77 m s). Complementary DTI acquisitions were gathered using right-to-left and left-to-right encoding directions. Three b0 scans were gathered for each encoding direction.
Segmentation of brain regions was conducted using Freesurfer (v6, Fischl et al., 2004 ) applied our 0.7 mm whole-brain T1w and T2w brain scans to create segmentation labels for most of our regions of interest (ROIs), as well as to obtain Estimated Intracranial Volumes. We obtained high quality segmentations of aHPC and pHPC by drawing upon the ultra-high-resolution T2w 0.5 mm isotropic medial temporal lobe scans. We submitted these to automated segmentation using HIPS, an algorithm previously validated to human raters specialized in segmenting detailed neuroanatomical scans of the hippocampus (Romero et al., 2017) . Three independent raters were trained on segmenting the hippocampus at the uncal apex into aHPC and pHPC segments; achieving a Dice coefficient of absolute agreement of 80%. Two of these raters independently segmented all participants in this study using the 0.5 mm T2w scans. The 0.5 mm T2w medial temporal lobe scans were registered to the 0.7 mm T2w whole-brain scans, which were in turn registered to the T1w whole-brain scans, and the combined transform was used to place the rater landmarks on the detailed medial temporal lobe scans. All voxels belonging to the hippocampus posterior to this coronal plane containing this point were classified as pHPC, whereas all points anterior to and including this plane were classified as aHPC. These classifications were projected back on the T1w images to obtain aHPC and pHPC segmentations.
For each ROI, the total number of voxels was multiplied by the volume of each voxel to obtain a total volume estimate. Intracranial volume was then residualized from the resulting group vector to control for head size. These steps were followed separately in each hemisphere. To support voxel-based morphometry (VBM) analysis, we also transformed each participants' grey matter mask, which we constructed by assembling all grey-matter regions obtained from their Freesurfer segmentation, to native space using nearest-neighbour interpolation, and smoothed the mask using a 6 mm full-width half maximum (FWHM) gaussian filter. These procedures amounted to "unmodulated" VBM (in which no correction is applied for global rescaling to native space), which is understood to reflect concentration, rather than absolute volume of structures (Good et al., 2001) . We took this approach because, as in our ROI-based analyses, overall head size was a variable of no interest.
Next, to prepare the T2*-weighted fMRI images for analysis, we first used reference scans to identify encoding direction-based spatial distortions and used this distortion map to unwarp the images. This step was performed simultaneously with a motion correction step and warp to MNI space using scripts adapted from the Human Connectome Project (Glasser et al., 2013) and tools the FSL software suite (v.5, (Jenkinson et al., 2012) . We then dropped the first five "stabilization" volumes gathered in each run, conducted linear trend removal, and ran ICA-FIX (Salimi-Khorshidi et al., 2014) from the FSL package to denoise our data (the model was trained using consensus component ratings from two raters). We used the full group's Freesurfer segmentations to ascertain which voxels corresponded to grey matter in at least 50% of participants. We zeroed out voxels falling outside of this mask and removed those coordinates from further analysis.
After cleaning the data, we took several steps to generate functional connectivity estimates for each participant and seed region/target region pairing. First, we needed to establish a timecourse for each ROI. We transformed our segmentation masks into MNI space, then z-scored the timecourse of the averaged signal each mask, doing so separately for each run and participant. We then took the median value within the normalized timeseries within run and participant. This yielded a vector corresponding to the average activity of that ROI across that run. Then, we correlated each seed ROI vector against each target ROI vector and retained the correlation coefficient. We averaged the coefficients obtained across the two resting state runs, such that each participant had one coefficient for each pairing of ROIs.
To prepare the DTI images, we again applied a de-warping step, similar to the one described for fMRI images. We then applied the FDT preprocessing stream of the FSL toolbox, consisting of correction for susceptibility-induced distortions, correction for eddy currents and participant movements, and tensor fitting to obtain a native-space FA map for each individual (Jenkinson et al., 2012) . Using the segmentation masks obtained in steps above, we sampled the mean intensity of all voxels falling within each ROI and took their mean to obtain an FA value for that ROI and participant.
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As reported in our pre-registration, based on our sample size of 66, we anticipated 80% power for detecting medium-sized effects of r ¼ 0.34, and 80% power for replicating slightly smaller (r ¼ 0.30) correlations with one-way tests; we targeted this sample size as the largest neuroimaging sample possible based on available funds. To diminish the influence of outliers, for each variable, we removed values falling more than three median absolute deviations (MAD) from the mean. The MAD statistic is similar to standard deviation, but is more resistant to influence by outliers; this quality was ideal for our use of the statistic to screen possible outliers (Leys et al., 2013) . As part of an effort to exclude as few cases as possible, we performed these outlier-based exclusions on each variable, rather than in a listwise fashion. For this reason, as well as the fact that not all participants completed all tests, our degrees of freedom varied slightly from one test to another and are reported alongside all analyses.
To improve our sensitivity to small but reliable effects (and decrease sensitivity to larger, unreliable effects), we employed non-parametric resampling procedures (Efron and Tibshirani, 1986) for our statistical testing. Briefly, our approach relied on a bootstrap resampling procedure to obtain the standard error around measured statistical parameters. After obtaining a correlation coefficient, we sampled with replacement from the original pool of participants 1000 times, recomputing the parameter each time and assessing the standard deviation of this distribution. We then took the ratio of the parameter to this distribution to obtain a bootstrap ratio (BSR). Because the distribution of BSR values corresponds approximately to a z-distribution, we used it to derive p-values.
To conduct whole-brain analyses, we used this same approach, regressing each variable and voxel's values across participants and obtaining a BSR. To correct for the large number of comparisons necessary, we employed the FSL cluster tool to obtain Gaussian Random Field (GRF) statistics, applying a voxel-wise threshold of p < .005 to obtain a corrected cluster-wise threshold of 0.05. We addressed recent concerns of inflated false-positive rates arising from problems with estimation of smoothness in such fMRI clustering procedures by incorporating ICA-FIX, two-way tests and group-resampling into our procedures (see Eklund et al., 2019 , for discussion).
Results

Cognition
We began our analysis by investigating the relationships among our three measures of creativity: divergent thinking (ATTA), creative behaviour (CBI), and creative achievement (CAQ; see Table 1 for descriptive statistics describing our sample), anticipating significant inter-relations. In a cognitive study, Jauk et al. (2014) showed that creative achievement and creative behaviour were related, r(296) ¼ 0.52, p < .001; our results reflected this pattern with a positive association between CBI and CAQ scores, r(64) ¼ 0.31, p ¼ .003. Jauk and colleagues differed in employing the activities scale of the Inventory of Creative Activities and Achievements (Diedrich et al., 2018) to measure creative behaviour, but this measure is analogous to the CBI. Jauk and colleagues also found creative behaviour to be linked to fluency, r(296) ¼ 0.32, p < .001, and originality, r(296) ¼ 0.28, p < .001, both of which are measures of divergent thinking. We, too, found divergent thinking and CBI to be correlated, r(63) ¼ 0.26, p ¼ .009. Completing this triangle of relations, Zhu et al. (2016) observed a correlation between the visual TTCT and the CBI, r(163) ¼ 0.21, p < .05, a pattern that we too observed between the visual ATTA and CBI, r(60) ¼ 0.35, p < .001.
We next attempted to replicate findings linking these creativity scores to measures of cognitive ability. A meta-analysis by Kim (2005) revealed a modest correlation across studies between divergent thinking and intelligence, r(45, 880) ¼ 0.174, 95% CI ¼ [0.165 0.183]: similarly, we observed a relationship between ATTA verbal creativity and WAIS FSIQ, r(60) ¼ 0.29, p ¼ .005, but not ATTA visual creativity and FSIQ, r(60) ¼ 0.16, p ¼ .185. This finding is consistent with several observations that the verbal, but not visual version of other divergent thinking tasks is related to intelligence (Kershner and Ledger, 1985; Li et al., 2016; Moore et al., 2009 ). Other measures of creativity have also previously been linked to intelligence: Jauk et al. (2014) found that creative activities were reliable predictors, r(296) ¼ 0.13, p < .05, as was creative achievement, r(296) ¼ 0.17, p ¼ < .01. We found this pattern as well, observing that FSIQ predicted CAQ scores, r(58) ¼ 0.31, p ¼ .006, but not CBI scores, r(59) ¼ 0.13, p ¼ .178. Because intelligence predicted several of our creativity measures, and because we were interested in neural contributions to creativity that took place above and beyond intelligence, we residualized intelligence from our behavioural creativity measures in all of our subsequent analyses.
Volumetry
To evaluate volumetric predictors, we pre-registered an ROI-based approach, in which volumes of regions containing effects described in prior reports were evaluated as a whole and regressed against individual differences in creativity. While appealing in testing past effects using a limited number of comparisons, we found this approach to be broadly insensitive. We speculated that whole-ROI volume could have been too broad of a measure to isolate sub-ROI effects reported previously: definitions of, and delineations within ROIs are highly variable and can dramatically alter structural and functional connectivity profiles (Li et al., 2010) . To exhaust every reasonable opportunity for replication, we implemented an alternate hybrid approach, counting the number of voxels exceeding a modest statistical threshold within each ROI and, using a chi-squared test, comparing this tally against the number that would be expected by chance. We performed these tests in a one-way fashion, evaluating only the direction that would align with past results. To support possible generalization, we repeated this step in a post-hoc fashion for each creativity measure (see Table 2 ).
Using this approach, we found two of ten volumetric predictors of verbal divergent thinkingleft and right IFGto be reliable predictors, finding both to generalize to all creativity measures other than the visual ATTA. We also replicated two out of three CAQ predictorsleft and right vmPFCwith one or the other generalizing across all other creativity instruments. For ROIs where we failed to obtain creativity effects using the original creativity construct, seven of nine were associated with at least one creativity measure, even though the creativity measure did not necessarily map onto the analogous measure used in the original study. For example, although we did not find the predicted link to creativity within left vmPFC and verbal ATTA, we did see such a link between the left vmPFC and both the visual ATTA and CAQ).
In addition to the above tests, we pre-registered evaluation of ACC and PCC associations with creativity. We present these results here separately, as we included them in our pre-registration on the basis of their membership in the DMN, rather than appearance in any past studies. We found volumetric features of both ROIs predicted our creativity measures. For ACC, these included visual ATTA (χ 2 ¼ 5.71, p < .001), CBI (χ 2 ¼ 7.28, p < .001), and CAQ (χ 2 ¼ 4.92, p < .001), but not verbal ATTA (χ 2 ¼ 12.70, p > .999). For PCC, these also included visual ATTA (χ 2 ¼ 5.75, p < .001), CBI (χ 2 ¼ 5.21, p < .001), and CAQ (χ 2 ¼ 6.42, p < .001), but not verbal ATTA (χ 2 ¼ 0.73, p ¼ .173).
Connectivity
Of thirteen white-matter ROIs (all derived from verbal divergent thinking tasks), we found that five encompassed FA predictors of verbal ATTA. These included right inferior frontal gyrus, the left superior longitudinal fasciculus (SLF), the left anterior internal capsule, left basal ganglia, and the body of the corpus callosum (see Table 3 ). Each of these ROIs featured generalization to at least one other creativity measure. The A. Sunavsky, J. Poppenk NeuroImage xxx (xxxx) xxx left SLF was particularly noteworthy in this respect, as it encompassed local predictors of every one of our four creativity instruments, and was the only ROI to do so. As with our volumetric ROIs, a majority of the remaining eight white matter ROI's included predictors of at least one other measure of creativity in the expected direction. With respect to functional connectivity, out of eight ROI pairs previously found to predict verbal ATTA in rs-fc studies, we found two were significant predictors in the current study (see Table 4 ). In particular, we found ipsilateral connections between the IFG and IPL. The lefthemispheric instance of this pairing generalized to verbal ATTA. The only other functional connectivity pair that significantly predicted any form of creativity was ACC-left MTG, which predicted both visual ATTA scores and CAQ scores, although functional connectivity between left ACC and PCC showed a trend towards being a significant predictor of both verbal and visual creativity.
Whole-brain analyses
Our pre-registered analysis plan included inspection of whole-brain VBM and FA maps to identify sources of variance in our dataset not captured by our a priori predictions. We deemed this step necessary in part because we were aware of no past reports evaluating the white matter correlates of both the CBI and the CAQ; and in part to pursue identification of multimodal creativity predictors. For a comprehensive list of identified predictive VBM and FA clusters, see Tables 5 and 6 , respectively.
We found the cerebellum to be a prominent predictor across all creativity tests, as expressed in terms of positive predictions of either greater grey matter density, white matter integrity, or both (see Fig. 1A ).
Other cerebellar regions were almost always also implicated, but their effects varied in location (most frequently within one of lobules VI-VIII) as well as direction. For example, mainly positive other associations were Table 2 ROI-based volume predictors of creativity, controlling for intelligence. observed between cerebellar volume and verbal creativity, creative behaviour, and creative achievement, but mainly negative other associations arose between cerebellar volume and visual creativity. Similarly present as a predictor of all creativity tests, albeit with lower consistency in localization, was the parahippocampal gyrus (see Fig. 1B) , where grey matter density positively predicted ATTA verbal, ATTA visual and CAQ scores and white matter integrity predicted CBI scores. Generalizing across smaller subsets of creativity instruments was the grey matter density of the anterior insula, which was positively associated with verbal ATTA and creative behaviour. Different portions of the thalamus had both positive and negative grey matter correlates within verbal creativity; thalamus grey matter density and FA values also negatively predicted creative achievement. Finally, grey matter density of the cuneus was a negative predictor of verbal ATTA and CBI, but a positive predictor of visual ATTA (proximal to the cuneus, positive FA predictors were observed in a posterior thalamic radiation for visual ATTA, and in the forceps major for the CAQ).
Among regions predicted only one creativity instrument, most notable were predictions of visual ATTA by a set of dopaminergic structures, which included grey matter density in the SN/VTA (positive) and left anterior hippocampus (negative), as well as FA of the internal capsule at the caudate/anterior commissure, although a VBM predictor of the caudate was negative for CAQ. Cross-hemispheric white matter pathways were also noteworthy, with FA in a rostral corpus callosum region extending into the anterior corona radiata positively predicting verbal ATTA, and FA in the aforementioned anterior commissure region positively predicting visual ATTA.
Discussion
We conducted a pre-registered conceptual replication of cognitive and neuroimaging predictors of individual differences in creativity. Our results affirm the reliability of relationships among creativity measures and their cognitive predictors. They also affirm the reliability of many neural predictors, including elements of executive, default mode, and dopaminergic networks. In line with recent discoveries implicating the cerebellum in creative processes, exploratory analysis also revealed multimodal contributions of the cerebellar anterior lobe, as well as less spatially and directionally consistent contributions from lobules VI-VIII, to multiple measures of creativity. Consistent with a role for long-term memory, we also found reliable predictions by features of the parahippocampal gyrus of each of our measures of creativity. Overall, our findings underscore the relevance of executive, memory, motor, and reward systems to creative processes; support proposals that ECN-DMN interactions may facilitate creative processes; and confirm that neuroimaging biomarkers can be used to predict individual differences in creativity.
Relationship among creativity and intelligence measures
Behaviourally, our measures followed patterns that would be expected based on earlier publications. In particular, ATTA scores were moderately correlated with both the CBI and CAQ, consistent with a link between divergent thinking, creative behaviour, and creative achievement described by Jauk et al. (2014) . This is, however, the first time we are aware of that this link has been established using the ATTA as a creativity measure.
Consistent with the idea that these dimenions of creativity are influenced by cognitive factors (Amabile, 2012) , as well as a meta-analysis by Kim (2005) , we found that ATTA scores were correlated with FSIQ. Intelligence also correlated with creative achievement scores, but not creative behaviour, also consistent with similar findings by Jauk et al. (2014) . This pattern reinforces the view that cognitive ability is relevant to the quality of creative output, but not to its spontaneous production.
Although our measures of creativity were designed to access different dimensions of the construct, all were contrived with a common underlying construct of "creativity" in mind. The moderate size of cognitive correlations supported the convergent and divergent validity of these measures, apparently reflecting both core creativity variance as well as multi-dimensional variance (Croply, 2000) . We therefore next sought to ascertain whether we would find similarly overlapping and distinctive features of these dimensions in terms of their neural substrates.
Network predictors of creativity
Turning to our pre-registered neuroimaging hypotheses, we observed a robust confirmation of predictions concerning the involvement of IFG and its connectivity with the IPL in creativity. We observed multi-modal involvement of ipsilateral fronto-parietal links between them that included a positive correlation between creativity and IFG grey matter density; FA near IFG; IFG -IPL functional connectivity; and FA of the SLF (a white matter tract that has been proposed to link IFG and IPL; Yagmurlu et al., 2016) . Post-hoc analysis using tract-based statistics further confirmed the association between creativity and the SLF. This set of findings replicates and extend earlier discoveries, including a finding by Zhu et al. (2013) , who first observed IFG predictors involving volumetric and white matter integrity; by Beaty et al. (2014) , who noted the importance of functional connectivity between IFG and IPL in promoting creativity; and by Takeuchi and colleagues, who observed a white matter predictor of creativity in the SLF (2010a) and right IPL (2017). In so doing, our findings underscore not only the relevance of the IFG, which has a variety of important roles, including inhibition, memory retrieval, and executive processes (Badre and Wagner, 2007; Aron, 2007) , but also communication of the IFG with IPL, a core DMN region associated with internally-directed attention . Interactions between the ECN and DMN may act to limit off-task thoughts during creative idea generation, thereby facilitating novel idea generation (Beaty et al., 2015 (Beaty et al., , 2016 ; under this model, the DMN contributes to idea generation, but the ECN evaluates these ideas and constrains them to meet task-specific goals. The IFG-IPL communication confirmed in our dataset appears to reflect a possible conduit through which this ECN suppression of the DMN could take place. We also evaluated ROIs relevant to dopaminergic and salience networks, which mediate reward-seeking behaviour and to detect and filter focal stimuli, respectively. Parts of the dopaminergic system overlap with the salience network (the ventral striatum, insula, and the SN/VTA), and both have been implicated in creativity to some extent (e.g., Takeuchi et al., 2010a; Beaty et al., 2015) . In our study, dopaminergic structures including the insula, caudate nucleus, and SN/VTA were each predicted at least one measure of creativity, as did salience structures such as the ACC. Notably, these networks have links to the DMN and ECN: there is diffuse dopaminergic projection from the midbrain to the frontal lobe where nerve terminals supply dopamine (Middleton and Strick, 2002) , Table 6 FA voxel clusters correlated with creativity measures, after controlling for intelligence. Fig. 1 . Multimodal predictors of creativity. (A) The anterior lobe of the cerebellum was implicated as a volumetric predictor of ATTA scores (verbal and visual) as well as CBI scores. Greater white matter integrity within the anterior lobe of the cerebellum similarly predicted greater creativity scores of visual ATTA and CBI scores. (B) We observed a parahippocampal predictor of creativity scores obtained using each of our four creativity inventories, although the localization of predictive voxels within the parahippocampal cortex or adjacent white matter varied. Positive correlations between creativity scores and grey matter density or structural integrity are shown in orange, and negative correlations in blue. Clusters were thresholded at a corrected cluster-wise threshold of p < .05. Right ¼ anterior in all images. See also Tables 5 and 6 for detailed cluster statistics. and this neurotransmission improves performance in tasks associated with creativity such as cognitive flexibility tasks (Nagano-Saito et al., 2008) . Sridharan et al. (2008) propose an integration of the salience, executive control, and default mode network such that the salience network plays a causal role in switching between the ECN and DMN. Thus, while the DMN may be involved in generating novel and useful ideas and the ECN may constrain creative cognition to meet task demands, the salience network may modulate between the two networks. Although we found various elements of these networks to be associated with creativity, this evidence was less consistent across measures and neuroimaging modalities than in the IFG-IPL case, possibly resulting from the small volume of some of the constituent regions.
Regional predictors of creativity
The anterior lobe of the cerebellum was distinctive for predicting multiple measures of creativity across multiple neuroimaging modalities. Other aspects of the cerebellum were also regular predictorstypically falling in lobules VI-VIIIbut were less consistent in their spatial position and direction. The anterior cerebellum has been linked with somatomotor cortex (Buckner, 2013) , and is itself regarded as a primary motor coordination area of the cerebellum (Koziol et al., 2009; Stoodley and Shoeman, 2016) . Along these lines, lobule X connects primarily to the vestibular system and is associated with proprioception. By contrast, lobules VI-VIII feature strong functional connectivity with associative cortex, and are believed to be more cognitive in nature, with hypothesized roles in executive function and working memory.
Our results complement a number of other recent discoveries implicating the cerebellum in creative processes (e.g., Sun et al., 2018; Neumann et al., 2018; Ogawa et al., 2018) . Although the cerebellum has not been historically regarded as a core contributor to creativity, it is clear how sensorimotor systems could play some role, considering that the CAQ contains overtly sensorimotor subscales, including dance, music, and culinary arts. Motor coordination for drawing or writing is also important for interpretable and fluent output (relevant e.g., for divergent thinking and creative achievement), and for factors that could make creative activity less costly and more rewarding (relevant to creative behaviour). Cognitive cerebellar contributions have also been proposed: for example, Vandervert et al. (2007) proposed that unconscious cerebellar inputs contribute to generating novel solutions; also, like the repetitive movements that the cerebellum is thought to control, the cerebellum-driven repetitive manipulation and rehearsal of working memory could make formation of novel ideas more efficient (Welling, 2007) .
We also found evidence for contributions to creativity of ROIs known for their mnemonic role. In particular, every one of our creativity metrics had a grey or white-matter predictor in the parahippocampal gyrus. Madore et al. (2015 Madore et al. ( , 2017 found that following episodic memory induction, divergent thinking was enhanced and associated with greater neural activity in the hippocampus and bilateral parahippocampal gyri, structures known to be important for long-term memory (e.g., Bauer et al., 2017; Madore et al., 2017) . Structurally, Jung et al. (2015) linked greater thickness in the parahippocampal gyrus to higher creativity scores. This pattern is consistent with the idea that long-term memory can be a contributor to creative ideation Shen et al., 2017) .
In contrast to robust parahippocampal prediction of creativity, the only creativity link we observed with the hippocampus was a negative association between local grey matter density in the anterior hippocampus and visual ATTA. We note that more is not always better when it comes to the hippocampus, however; similar to the current study, we (Poppenk and Moscovitch, 2011) found that a smaller anterior hippocampus predicted better source and recollection memory. Thus, it is possible that, as in that study, a smaller anterior hippocampus was associated with superior episodic memory detail. However, in the 2011 study, we also observed a positive correlation between our memory measures and the posterior hippocampus; in the current case, no such positive correlate was observed. Moreover, the negative effect that was found was limited to visual ATTA. The implication of this finding, if any, is unclear.
Limitations and future directions
Of studies published in the past ten years on prediction of individual differences in creativity from neural variables, our sample size of n ¼ 66 fell in the 48th percentile (see Table S1 ) and was sufficient for detection of moderate-sized effects, but was nonetheless lower than would be required for a definitive confirmatory analysis. Accordingly, we do not make the claim that those reports we failed to substantiate were originally results of type I error, as it is just as possible that our null findings arose due to type II error. Also, because our aim was to identify predictors that generalized across the idiosyncrasies of different neuroimaging and behavioural tests, and because past studies vary widely in these and other respects, we did not attempt to precisely align our procedures to any one past studies in terms of participant populations, neuroimaging methods, and data analysis choices. As such, one should not infer that regions and connections we did not identify are irrelevant to the neuroscience of creativity, only that the factors we did replicate are among the most robust and generalizable, and perhaps therefore among the most useful for predictive purposes.
It should also be noted that the ATTA, our measure for divergent thinking, is an abbreviated measure of divergent thinking. Although this instrument has been validated (Althuizen et al., 2010) , it is, due to its brevity, a less precise measure of divergent thinking than its more comprehensive counterpart, the TTCT. However, there are also advantages to using abbreviated measuresfor example, the use of abbreviated measures increase the accessibility of this research in samples used by large consortia gathering thousands of brain scans (but with little time available for each participant). We note that many relationships, including notoriously weak ones such as that between divergent thinking and intelligence, were borne out with this abbreviated measure, suggesting the instrument has sensitivity to the construct of divergent thinking that was adequate for sensitivity to the same neural substrates.
Also, although we hoped to learn which predictors would generalize across measures of creativity, our rationale for using multiple predictors is that creativity is believed to be a multidimensional construct, and that these measures should have divergent as well as convergent validity (Said-Metwaly et al., 2017) . Just as various authors are attempting to identify neural predictors that distinguish facets of divergent thinking (e.g., Takeuchi et al., 2017) , a complementary future goal will be to understand what features best distinguish divergent thinking, creative behaviour, and creative achievement predictors in the brain and how these patterns could be mapped back to traits that further refine a cognitive understanding of these constructs.
Finally, as the reliability of particular neural predictors becomes clearer, one question becomes: is the predictive power over creativity cumulative, or overlapping? We considered, but did not conduct, a multiple-regression analysis, as we wished to avoid the circumstance where we evaluated the predictive power of the same data we used to ascertain which predictors were the most reliable. However, with numerous reliable predictors as conceptually and spatially distinct as fronto-parietal network, the cerebellum, parahippocampal gyrus, parietal cortex, and still others, it is possible that neural biomarkers of creativity could cumulatively explain a large amount of variance of individual differences in creativity.
Conclusion
We analyzed a set of pre-registered hypotheses aimed at replicating and generalizing previously observed cognitive and neural correlates of creativity. Cognitive predictors were largely confirmed, and many neural predictors were also effective, most notably the IFG and its connections to A. Sunavsky, J. Poppenk NeuroImage xxx (xxxx) xxx the IPL, but also including the basal ganglia, and several discovered predictors including the cerebellum and parahippocampal cortex. To varying degrees, we further replicated volumetic, white-matter, and rs-fc effects. These results support the perspective that creative ideation is supported by cerebellar operations of working memory, parahippocampal contributions to long-term memory recall, and IFG-IPL connectivity as a means of the ECN dynamically exerting control over the DMN to fine-tune its contributions. Overall, our findings help to consolidate previously hypothesized substrates of individual differences in creativity, affirming cognitive and neural predictors that will be suitable targets for analysis in future investigations.
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